The formation and crystallography of second phases during isothermal decomposition of ferrite (a) in a high-nitrogen, nickel-free duplex stainless steel was examined by means of transmission electron microscopy (TEM). At an early stage of aging, the decomposition of a started along the a/c phase boundaries where sigma (r) phase and secondary austenite (c 2 ) precipitated in the form of an alternating lamellar structure. The combined analyses based on the simulation of diffraction patterns and stereographic projection have shown that most of the r phase was related to the c 2 by the following relation: ð111Þ c k ð001Þ r and ½10 " 1 c k ½110 r :The intergranular and intragranular precipitation of Cr 2 N with trigonal structure were identified, and the orientation relationships (ORs) with a and c matrix could be expressed as 110 ; respectively. The precipitation of intermetallic v phase was also observed inside the a matrix, and they obeyed the cube-on-cube OR with the a matrix. Prolonged aging changed both the structure of matrix and the distribution of second phases. The c 2 , formed by decomposition of a, became unstable because of the depletion of mainly N accompanied by the formation of Cr 2 N, and it transformed into martensite after subsequent cooling. As a result, the microstructure of the decomposed a region was composed of three kinds of precipitates (intermetallic r,v, and Cr 2 N) embedded in lath martensite.
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The formation and crystallography of second phases during isothermal decomposition of ferrite (a) in a high-nitrogen, nickel-free duplex stainless steel was examined by means of transmission electron microscopy (TEM). At an early stage of aging, the decomposition of a started along the a/c phase boundaries where sigma (r) phase and secondary austenite (c 2 ) precipitated in the form of an alternating lamellar structure. The combined analyses based on the simulation of diffraction patterns and stereographic projection have shown that most of the r phase was related to the c 2 by the following relation: ð111Þ c k ð001Þ r and ½10 " 1 c k ½110 r :The intergranular and intragranular precipitation of Cr 2 N with trigonal structure were identified, and the orientation relationships (ORs) with a and c matrix could be expressed as 110 ; respectively. The precipitation of intermetallic v phase was also observed inside the a matrix, and they obeyed the cube-on-cube OR with the a matrix. Prolonged aging changed both the structure of matrix and the distribution of second phases. The c 2 , formed by decomposition of a, became unstable because of the depletion of mainly N accompanied by the formation of Cr 2 N, and it transformed into martensite after subsequent cooling. As a result, the microstructure of the decomposed a region was composed of three kinds of precipitates (intermetallic r,v, and Cr 2 N) embedded in lath martensite. 
DUPLEX stainless steels (DSS), possessing a balanced
microstructure with approximately equal proportions of ferrite (a) and austenite (c), offer an attractive combination of properties including high strength, excellent resistance to stress corrosion cracking, and good weldability. [1] [2] [3] The Ni, which improves both c stability and formability, is contained in currently popular DSS in the range from 4 to 7 wt pct. Reducing the use of Ni in the fabrication of DSS not only provides substantial economical savings but also decreases the hazard that nickel could bring to allergic reaction in human skin. Recently, considerable efforts have been devoted to the development of cost-effective DSS containing low Ni content (termed as lean DSS). Some commercial grades of lean DSS such as UNS 32101 are now available and have a good balance of mechanical and corrosion properties: The strength of lean DSS is comparable with conventional DSS such as UNS S32205, and the corrosion properties are in general better than those of austenitic UNS S30400. [4, 5] Precipitation behavior has been regarded as one of the most important features of DSS because their mechanical and corrosion properties are profoundly dependent on the formation of second phases. [1] [2] [3] [6] [7] [8] [9] [10] Compared with austenitic stainless steels, the precipitation reaction of DSS has been considered to be more complicated in that (1) the nucleation sites of the second phases are diverse: a/c phase boundaries, grain boundaries of both phases and interior of grains, and (2) significant amounts of Cr and Mo, which is the potent elements for the formation of the second phases, are contained for stabilization of a matrix of DSS. [1] [2] [3] A consensus exists that isothermal aging in conventional UNS S31803 and S32750 induces the decomposition of the supersaturated a matrix and produces various second phases involving secondary austenite (c 2 ), intermetallic sigma (r), chi (v), R phase, and several types of carbide or nitride. [1] [2] [3] Despite many investigations on the precipitation behavior of commercial grades of DSS, little information on precipitation reaction of high-nitrogen, nickel-free DSS is available. [2, 9, 10] Ramirez et al. [9] reported that intergranular and intragranular Cr 2 N were observed in aged UNS S32304 and they served as sites for heterogeneous nucleation of intragranular c 2 . Recently, Calliari et al. [10] showed that the precipitation of second phases in lean DSS was much more sluggish compared with conventional UNS S31803 and S32750: In UNS 32101, only Cr-rich nitride was detected, whereas no second phase was identified in UNS S32404 even after prolonged aging at 1023 K (750°C) for 750 hours. Granting that the precipitation reaction shows a strong dependence on chemical composition of the alloys, there have been some inconsistencies regarding the decomposition process of a and related precipitation behavior of second phases.
This article is intended to give a comprehensive understanding of precipitation behavior of high-nitrogen, nickel-free Fe-18Cr-7Mn-5Mo-0.4N alloy. The objectives of the current study are to identify the second phases formed during isothermal decomposition process of the a matrix depending on their precipitation sites and aging condition, and to investigate the crystallographic features of precipitates with a particular emphasis on their orientation relationships (ORs) with respect to the a and c matrix based on the analysis of selected area diffraction (SAD) patterns.
II. EXPERIMENTAL
The investigated material was a high-nitrogen, nickelfree DSS with the following composition in weight percent: 17.54Cr; 6.92Mn; 4.89Mo; 0.38Si; 0.40N; 0.02C; balance Fe. The alloy was fabricated using a pressurized induction melting furnace (VIM 4 III-P; ALD Vacuum Technologies, Hanau, Germany). To obtain the target nitrogen content, the partial pressure and injection time of nitrogen gas were controlled carefully during the melting process. After homogenization at 1573 K (1300°C) for 2 hours under argon atmosphere, the ingots were hot rolled into 4-mm thick sheets. To avoid the formation of harmful second phase during cooling, the final rolling was finished at a temperature above 1323 K (1050°C), and then the hot-rolled plates were water quenched. The specimens were sealed in a quartz tube under vacuum and solution treated at 1473 K (1200°C) for 30 minutes. Then, they were aged isothermally at 1123 K (850°C) for various times between 10 seconds and 168 hours in argon atmosphere and quenched into water (for the sake of convenience, the aging time was expressed in second up to 10 5 seconds, whereas prolonged aging for more than 10 5 seconds was expressed in hours). Thermodynamic calculation using a commercial Thermo-Calc software (version S; Thermo-Calc Software, Inc., McMurray, PA) with TCFE6 database were performed to obtain information on phase equilibrium and volume fractions of a and c.
For microstructural characterization, the specimens were polished and chemically etched using a solution of Berahaes reagent (2.2 g (NH 4 )HF 2 + 0.2 g K 2 S 2 O 5 + 100 mL distilled H 2 O + 20 mL concentrated HCl). A 95 pct confidence interval of the volume fraction of a and c was estimated by optical microscopy using a point counting method according to the standardized ISO 9042 procedure. [6] The scanning electron microscope (SEM) observations were carried out on a JSM-5800 SEM operating at 20 kV. The thin foils for scanning transmission electron microscopy (STEM) were prepared in a twin-jet electrolytic polishing apparatus using a solution containing 15 pct perchloric acid and 85 pct methanol. They were examined in a STEM (JEM 2100F; JEOL, Inc., Tokyo, Japan) at 200 kV. The detailed analyses of SAD patterns and stereographic projections were carried out using Desktop Microscopist V2.2 software (Lucuna Laboratories, in USA). [11] 
III. RESULTS AND DISCUSSION
A. Microstructure of Unaged Specimen metallography is approximately 0.5, which is in good agreement with the thermodynamic calculation derived previously. Figure 2 represents a series of SEM micrographs showing overall precipitation behavior of the alloy aged at 1123 K (850°C) up to 168 hours. During isothermal aging, the precipitation of the second phases takes place preferentially along a/c phase boundaries and penetrates into a grains. In addition, the second phases also precipitate at a grain boundaries, and the polygonaltype precipitates form within a grains after a certain incubation time. As aging goes on, most of a matrix is decomposed gradually into second phases, resulting in the increment of volume fraction of second phases, and some precipitates with rod-like morphology are also observed within grains or at grain boundaries of c after long-term aging. 
B. Overall Precipitation Behavior

C. TEM Observations on Precipitation Behavior
1. Aging at 1123 K (850°C) for 10 3 Seconds Figure 3 shows an STEM bright-field (BF) image of precipitates formed along a/c phase boundaries and corresponding SAD patterns taken from the specimen aged at 1123 K (850°C) for 10 3 seconds. At an early stage of aging, the decomposition of a matrix started along a/c phase boundaries. This mixed region grew by expanding exclusively into the a grains, and the thickness of mixed region was approximately 0.5 lm. Two types of precipitates were identified along the a/c interfaces: coarse irregular precipitate in dark contrast and platelet-shape precipitates in bright contrast. They were aligned along a/c phase boundaries in the form of an alternating lamellar structure. Based on the analysis of SAD patterns (Figures 3(b) and (c)), they were identified as an intermetallic sigma (r) phase (in dark contrast) and a secondary austenite (in bright contrast). It can be expected that the amount of a present at solution-annealing temperature exceeds the equilibrium amount present at 1123 K (850°C), and the isothermal aging in this temperature leads to a reduction in the a content via eutectoid reaction (a fi c 2 + r). This c is morphologically different from the matrix c and is termed as secondary austenite (c 2 ).
[1] The c 2 , similar to the c matrix, is a Mn-rich and Cr-poor phase relative to the surrounding a, which causes Cr rejection and Mn absorption from c 2 . This promotes the nucleation of Cr-rich and Mn-poor phases such as r.
In the region next to the alternating c 2 + r layer, the intragranular precipitates with rod-like morphologies (indicated by arrows) formed inside the a grain and were aligned along a specific direction of the a matrix. They were identified by electron diffraction as being of the M 2 N-type nitride (simply designated as Cr 2 N). The crystal structure of Cr 2 N is confirmed to be trigonal structure of space group of P " 31m with lattice parameters of a = 0.4796 and c = 0.4470 nm, as reported in austenitic stainless steels. [12] The Cr 2 N was found to be the main precipitate throughout the aging time at 1123 K (850°C).
Apart from the precipitation of c 2, r, and intragranular Cr 2 N, isothermal aging at 1123 K (850°C) produced coarse polygonal-shaped precipitate in dark contrast. Based on the analysis of SAD pattern, they were identified as an intermetallic chi (v) phase. The size and morphology of the v phase were found to be irregular, but the distribution was usually confined inside the a grain and, in some cases, at the grain boundary of a. The v phase is known to precipitate in many transition metal systems usually associated with r phase and belong to topologically close-packed (TCP) phases. The crystal structure of the v phase is reported as a body-centered cubic (bcc) a-Mn type crystal structure, and the lattice parameter in Fe-Cr-Mo system is confirmed to be a = 0.892 nm. [13, 14] Figure 4 shows the different morphologies of Cr 2 N formed after aging at 1123 K (850°C) for 10 3 seconds: intragranular precipitation inside the a grain (Figure 4(a) ), tiny Cr 2 N particles dispersed along a/c interfaces (Figure 4(b) ), and Cr 2 N enclosed by the coarse r phase (Figure 4(c) ). Most nitrides precipitated intragranularly, whereas some precipitation of Cr 2 N along the a/c interfaces (intergranular precipitation) was observed also. Most of the a/c interfaces analyzed by TEM exhibited the Kurdjumov-Sachs (K-S) OR; however, some interfaces had Nishiyama-Wassermann (N-W) OR. The verified ORs were not exact, but some small deviations from the ideal orientations were determined for both the K-S and N-W ORs. All the analyzed intergranular Cr 2 N was observed at the a/c interfaces that exhibited the K-S OR. These intergranular nitrides maintained the same a/Cr 2 N OR of the intragranular nitrides, where the close-packed planes of both structures are parallel. Figure 4(d) represents the growth of intergranular Cr 2 N into a matrix.
In some region adjacent to the intragranular precipitation of Cr 2 N within a matrix, some intragranular nitrides were surrounded by the coarse r phase. The a in our DSS become unstable below 1273 K (1000°C), and the c phase would grow spontaneously toward the a region when the specimen is isothermally aged after solution annealing. Therefore, the Cr 2 N particles precipitated initially in some a/c phase boundaries were trapped within the newly grown region of c phase. The role of preformed M 23 C 6 carbide in conventional austenitic stainless steels has been discussed in conjunction with the formation of r phase in the carbondepleted zone near M 23 C 6.
[15] This is also the case for high-nitrogen austenitic stainless steels whose main precipitate is Cr 2 N, and the formation of a nitrogendepleted zone near the Cr 2 N phase induced nucleation of the r phase. [16] It can be said that the Cr 2 N particles formed in DSS could also be a preferential site for the nucleation of the r phase.
2. Aging at 1123 K (850°C) for 72 Hours Figure 5 shows the STEM BF images showing the change in morphologies of second phases as well as decomposed matrix taken from the specimen aged at 1123 K (850°C) for 72 hours. The striking feature induced by long-term aging lies in the change of the a matrix. The matrix region exhibits a lath-shaped morphology, and adjacent laths are aligned into groups of packets consisting of many parallel laths. The adjacent laths within a packet of martensite are separated primarily by low-angle boundaries and the substructure of lath martensite consists of a high density of dislocations. Figure 5 (c) shows a dislocation structure formed in lath martensite viewed using a twobeam condition (indicated by the arrow), where the beam direction is parallel to 111 Â Ã a . Two sets of dislocations (indicated by the lines) are visible, whereas another set is invisible in this two-beam condition. The traces of the dislocation lines show that the dislocation is in screw orientation. According to the systematic analysis by Sandvik and Wayman, [17] the invisible dislocation for the (011) reflection has Burgers vector of a=2 1 " 11 Â Ã ; whereas the visible dislocations have Burgers vector of a/2[111] and a=2 1 " 11 Â Ã ; respectively. Although the dislocation density is high, it was found that the distribution of dislocation is irregular, i.e., some regions contain many dislocations of a certain set, whereas other regions contain dislocations of another set or are relatively clean.
As mentioned, the a matrix is decomposed into the c 2 and second phase such as r or Cr 2 N during isothermal aging. As the decomposition process goes on, the volume fractions of c 2 and second phase increase, and a significant amount of N will be deficient in the newly formed c 2 accompanied by the formation of second phases. On the condition that the composition of c 2 reaches below the thermal stability limit, the c 2 is transformed spontaneously to martensite after subsequent cooling. Indirect evidence for the explanation can be accounted for by considering the precipitation site and morphology of second phases. In the region of lath martensite, globular-shaped precipitates were observed and they were identified by electron diffraction as being Cr 2 N. In some region, coarse polygonal-shaped precipitates were also observed and they were Mo-rich v phase (Figures 5(a) and 5(b) ). In contrast to the nucleation of second phases observed in decomposition process of martensites, the orientation and morphology of the second phases was not regular: The distribution of the second phases was aligned neither along lath boundaries nor along packet boundaries. Instead, a high density of dislocation was observed surrounding their interface, and the dislocation can be introduced during cooling because of the difference in thermal expansion coefficients. This finding has not been reported in conventional DSS even after long-term aging at higher temperatures. Granted that the lean DSS contain a reduced amount of Ni and the partitioning of alloying elements will take place among the a-c matrix and second phases during isothermal aging, it is conceivable that the newly formed c 2 may be denuded of the alloying element that assures its stability (mainly N), and thereby it might become unstable with respect to martensitic transformation on cooling. Apart from the change in matrix region, the distribution and morphology of second phases were also changed after long-term aging. As shown in Figures 5(a) and (b), the Cr 2 N, precipitated mostly intragranularly, becomes rounder in the shape of its corner and grows parallel to the longitudinal direction. At the same time, the size of intragranular intermetallic phases (v and r phases) increase, and the enhanced precipitation of v phase is also observed. Although most of the c region in the earlier stage of aging contains no precipitate, prolonged aging led to the formation of rod-like Cr 2 N along grain boundaries of c and then they were extended into some c grains.
D. Crystallographic Features of Precipitates
In the current study, four kinds of precipitates were identified in TEM analyses, i.e., (1) intergranular and intragranular Cr 2 N, which was the main precipitate of the alloy; (2) intermetallic r phase along the a/c phase boundaries; (3) intermetallic v phase with polygonal shape within the a grain; and (4) c 2 formed by the eutectoid reaction, respectively. In this section, the crystallographic features of precipitates are discussed mainly focusing on their ORs with respect to the a or c matrix.
Sigma phase
The crystallography of the r phase has been regarded as an important subject in understanding diverse aspects of precipitation behavior in many austenitic and duplex stainless steels, especially associated with the decomposition of ferrite. [8,15,18À20] The r phase has been reported to be an electron compound type with tetragonal structure, whose unit cell contains five kinds of nonequivalent crystallographic positions for 30 atoms and belongs to a space group of P4 2 =mnm with lattice parameters of a = 0.917 nm and c = 0.474 nm (c/a ratio of 0.52). [18] Nenno et al. [19] proposed a crystallographic model for the OR using X-ray diffraction based on a simple lattice correspondence between the c and r phases. The close-packed planes of both structures, i.e., 001 ð Þ r and 111 ð Þ c , are similar to each other with respect to atomic arrangements as well as distances. The closepacked triangles of both structures can be superimposed in two ways, which leads to two different ORs. Although the difference between the two is a rotation about an axis perpendicular to 001 ð Þ r of less than 1 deg, Nenno et al. [19] proposed that the A-type OR shows better matching between (001) r and (111) c More accurate OR between the c and r phases was determined by Lewis [20] for several r phases using the standard stereographic projection. The OR determined by Nenno et al. [19] is substantiated, and their second OR is to be preferred. From the OR between the c and r phases determined from the parallel plane traces in stereographic projection, the B-type OR was confirmed.
Although the importance and number of ORs have varied over the years depending on the chemical composition and thermal history, the aforementioned two ORs between the c and r phases have been mostly reported in the literature. In the case of DSS, Chen and Yang [8] reported a significant deviation from the standard Nenno OR based on SAD patterns with various zone axes, and the following OR was suggested: 100 ð Þ c k 100 ð Þ r and 011
Although they provided several SAD patterns and corresponding stereographic projections, it is somewhat questionable in that the OR between two phases usually obeys the coherency between close-packed planes of both structures even though the direction of both phases can deviate slightly from the close-packed directions, as in the case of N-W OR between the face-centered cubic (fcc) and bcc structures.
In the current investigation, the OR between the r phase and c matrix was determined by taking composite diffraction patterns using known beam directions of the r phase, and then computerized software was employed to simulate the SAD patterns. To avoid the ambiguity and to determine clearly the OR, the SAD patterns were 828-VOLUME 43A, MARCH 2012taken at tilted positions until the incident beam direction reached the almost edge-on condition of the r phase zone axis with relatively high symmetry. As an example, the typical SAD pattern from which the OR between r and c 2 can be determined and corresponding stereographic projection are shown in Figure 6 . Based on the analysis of SAD pattern and stereographic projection, it was found that the observed r phase is related crystallographically to the lattice of one of the adjacent c 2 grains in accordance with the A-type OR suggested by Nenno et al., [19] in which close-packed planes and directions of both structures remain parallel. However, in some cases, a deviation from the exact Nenno OR was also detected presumably because of their irregular morphology.
Chi phase
The intermetallic v phase belongs to the TCP phases and is known as an ordered a-Mn structure where the Mo atoms occupy the largest atomic sites and the Cr atoms tend to segregate in the largest remaining sites. The v phase belongs to the space group of 1 " 43 m with a lattice parameter of 0.892 nm, and its unit cell contains 58 atoms, 24 of them having a coordination number of 13. In this study, the v phase formed exclusively inside the a matrix. [13, 14] Figure 7 shows the SAD pattern showing the OR between the a and v phases. The SAD pattern from the v/a interfaces are composed of weak reflections belonging to the v phase and strong ones from the a matrix. The analysis of the interfaces shows that the intragranular v phase particles adopt invariably a cube-on-cube OR with the a matrix. As a result, a parallelism is observed between the planes and directions with the same indices, i.e.,
This OR is in agreement with those reported in previous studies. [14] 3. Cr 2 N Nitride There are some inconsistencies regarding the crystal structure of Cr 2 N. The crystal structure of Cr 2 N has been reported, in most studies, as hexagonal close packed (hcp) with lattice parameters of a = 0.2748 and c = 0.4438 nm. [21] Lagneborg [22] showed that Cr 2 N needles with a h100i a a matrix growth direction formed in a 30 pct Cr ferritic steel containing 0.025 pct N and the OR between the Cr 2 N and a matrix was that of Burgers Bywater and Dyson [24] showed that the shape of Cr 2 N in a 17 pct Cr ferritic steel containing 0.04 pct N was acicular with h113i a growth direction and the OR between Cr 2 N and a matrix was that found by Lagneborg. Kobayashi et al. [7] reported that the habit plane of Cr 2 N precipitated during continuous cooling in a ferritic steel was {001} a plane and was related to the a matrix in accordance with Pitsch and Schrader OR 110 ð Þ a k 0001 ð Þ Cr 2 N and 001
This OR differs from the OR reported by Lagneborg [22] and Bywater and Dyson [23] in that there is an angular rotation of 5 deg 16 minutes about [0001] from Burgers or Jack OR. But the habit plane 110 ð Þ a k 0001 ð Þ Cr 2 N is common in these ORs. It is worthwhile to note that the ORs reported in previous studies have been suggested on the basis of the crystal structure of Cr 2 N being hcp.
It is known that the crystal structures of transition metal carbides and nitrides are based on fcc or hcp sublattice of metal atoms with interstitial atoms occupying some of octahedral interstices. The e-type ordering has been reported to be a typical ordered structure in hexagonal interstitial compounds, and the stacking sequence of the (0001) plane along the c axis can be expressed as A M a I B M b I (where A M and B M are the hcp sublattice of metal atoms, and a I and b I are two types of basal layers occupied by interstitial atoms). Depending on the distributions of the interstitial atoms, five ordered superstructures P " 3m1; P " 31mðtrigonalÞ; Pnnm; Pbcn; À and PnmaðorthorhmobicÞÞ have been proposed for the M 2 X compound. [24] As with Cr-N system, the current authors (Lee et al. [12] ) found three sets of superlattice reflections in TEM-selection area diffraction pattern analyses and proposed a crystallographic model for the Cr 2 N superstructures including accurate metal atom position as well as nitrogen occupancy based on neutron diffraction. [12, 25] Figure 8(a) shows the SAD pattern displaying the OR between c and Cr 2 N. All the superlattice reflections distinguishing the hcp from the trigonal structure were identified in this SAD pattern. Therefore, the crystal structure of Cr 2 N formed in DSS can be indexed consistently as an ordered hcp or trigonal structure characterized by three sets of superlattice reflections: characterized by parallel close-packed planes and directions in both crystal structures. The rod-like morphology of the nitride is a result of the higher level of coherency of the Cr 2 N/a interface along the rod length when compared with their tips, which is related directly to the OR between both phases. The crystallographic features of second phases including crystal structure and OR are summarized in Table I .
IV. CONCLUSIONS
Precipitation behavior of a high-nitrogen, nickel-free duplex stainless steel during isothermal decomposition of a was investigated, and the main findings of the investigation can be summarized as follows: 
